Abstract: Flowering time is critically important for crop yield, and detection of its genetic factors with strongly associated DNA markers is necessary in breeding programs. This study was undertaken to validate the quantitative trait loci (QTLs) underlying flowering time of sorghum based on the association between genotypes at SSR marker loci and flowering time in F 3 family lines from self-pollinated heterozygous F 2 plants developed by crossing between "SC112"-an early flowering variety from Ethiopia and "Kikuchi Zairai"-a late flowering variety from Japan. The results showed that the SSR markers linked to the QTLs on sorghum chromosomes 1, 2, 3, 5b, 7 and 8b were significantly (P < 0.05) associated with flowering time, and these markers and the QTLs reported previously are valid. On the other hand, the genotypes at the marker locus SB596 of qFT1-2 on chromosome 1 was not significantly associated with flowering time. The valid DNA markers, SB258 in qFT1-1, SB1512 in qFT2, SB1839 in qFT3, SB3369 in qFT5b, SB4096 in qFT7 and SB4540 and SB4660 in qFT8b, might be useful for DNA-marker assisted breeding.
Introduction
 Sorghum (Sorghum bicolor L. Moench) is a cultivated tropical cereal grass, and major staple crop and source of income for the people in Western and Central Africa. It is rich in antioxidants, and preferred by the gluten-intolerant consumers [1] . It is also used as forage crop for animal feedstock and biofuel production in many countries worldwide [2, 3] . The success of sorghum production is determined to a considerable extent by the appropriateness of the flowering time for the specific growing environment. The flowering time as well as its photoperiodic regulation is one of the major factors in regional climatic adaptation of elite germplasm [4] . Recent evidence also showed that flowering time genes affect hybrid vigor and thus are likely to impact on yield [5, 6] .
Mapping of sorghum genome using DNA markers began in early 1990's and several linkage maps had been constructed [7] [8] [9] [10] . These linkage maps are useful for identifying genes or quantitative trait loci Corresponding author: Md. Nashir Uddin, Ph.D., research fields: plant breeding and genetics.
(QTLs) for both qualitative and quantitative traits [11] . To date, a large number of QTLs have been reported to be associated with flowering time and photoperiod sensitivity [6, 10, [12] [13] [14] [15] [16] [17] [18] . However, the contribution of detected QTLs to cultivar development has been the minimal, and only a few successful applications of marker assisted selection (MAS) for the improvement of quantitative traits have been noticed [19] [20] [21] [22] . A primary reason for limited deployment is the unreliable markers in predicting the desired phenotypes due to the weak linkage between QTL and marker loci. Several factors contribute to the unreliability of molecular markers, including mapping of independent (unlinked) genetic markers throughout a genome that may raise false-positive results [23] , mapping of QTLs using different algorithms (e.g., single marker analysis (SMA), simple interval mapping (SIM), composite interval mapping (CIM), multiple interval mapping (MIM), etc.) that may raise different results, and epistasis between the QTL and various other loci [24] that may affect the magnitude of expression of the QTL [25] . Also, environmental effects, population size, experimental error and genetic properties of QTLs influence the detection of QTLs in a segregating population and affect the reliability over molecular markers [26] .
Marker assisted introgression of known gene is useful for breeding crops with traits of interest. To successfully conduct MAS, it is imperative to subsequently conduct validation studies for the detected QTLs and linked marker loci [27] . For molecular marker validation, Haussmann et al. [28] used multiple mapping populations and performed interval mapping for sorghum stay-green QTLs validation, and Micic et al. [29] used selective genotyping approach for rot resistant QTLs in sunflower. Current attention is now directed to fine-mapping and high-resolution mapping [30] by developing near isogenic line (NIL) for the respective QTL. Previously, Lander and Botstein [31] suggested for genotyping only the phenotype that deviates substantially from the mean of the population, called progeny test. Khoorneef et al. [32] also suggested progeny test using heterogeneous inbred lines with the same genetic background for validation of QTLs without segregation of modifiers, and concluded that progeny test is more efficient than increasing the size of the F 2 population. Previously, progeny test had been used by Holland et al. [33] to analyze QTLs for southern corn rust disease and Bulrich et al. [34] to validate the thermo-sensitive earliness per se gene in wheat.
In the preceding study, El-Mannai et al. [6] had identified nine QTLs for flowering time using F 2 population under natural day length, and the current study was conducted to validate these detected QTLs using F 3 family lines from heterozygous F 2 plants at each SSR marker loci in same growing environment through progeny test.
Materials and Methods

Plant Materials
F 3 family lines from heterozygous F 2 plants, developed by El-Mannai et al. [6] by making cross between "SC112"-an early parent from Ethiopia and "Kikuchi Zairai"-a late parent from Japan ( Fig. 1) for the genotypes at each of SSR marker loci (Table 1), were used for progeny test as explained by Lander and Botstein [31] . The numbers of F 3 family line entries for each SSR marker evaluated are shown in Table 2 .
Respective F 3 family lines with five plants and their parental cultivars were sown in early May 2011 in the experimental field at the University of Tsukuba under natural day length condition with a planting density of 30 cm × 20 cm. During the growing season, day length ranged from 14.3 h in May, 15.0 h in June, July and August to 13 h in September. And from September, the day length decreased further to 12.5 h. Standard agronomic practices were applied from sowing to harvest. The flowering time was scored as the number of days from sowing to the time when 50% of the panicle flowered.
Isolation of Genomic DNA
The leaves of 50-day-old plants were sampled and used to isolate genomic DNA. Whole genomic DNA was extracted from the leaf tissues following the method described by Murray and Thompson [35] with minor modifications. The extraction buffer was composed of 2% CTAB, 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 0.7 M NaCl, 0.1% SDS, 0.1 mg/mL proteinase K, 2% insoluble PVP and 2% 2-mercaptoethanol. To remove the cellular debris and proteins, chloroform-isoamyl alcohol (24:1 v/v) was used. The DNA was then precipitated by adding 2-propanol, and the precipitate was rinsed with 70% and then 95.5% ethanol. The final precipitate was dissolved in 50 µL (1:10) Tris-EDTA (TE) and stored at 4 °C.
Screening of SSR Markers and Polymorphism Analysis
A total of 18 markers flanked the nine QTLs on different chromosomes reported by El-Mannai et al. [6] were primarily chosen for progeny test (Table 1) . More than 60% of markers appeared to be dominant type SSR markers. Finally, eight markers closer to the QTLs on chromosomes 1, 2, 3, 5b, 7 and 8b were screened for genotyping for the progeny test. Parental accessions "SC112" and "Kikuchi Zairai" were used to identify the SSR polymorphisms associated with the QTLs for flowering time. Primer sequence information is given in the Appendix Table 1 . 
PCR Conditions and Electrophoresis
PCR amplifications were performed in a 10 µL reaction mixture containing 10 ng DNA template, 10× PCR buffer (Mg 2+ concentration: 20 mM), 2 mM dNTP, 25 ng each primer and 0.02 U Blend Taq plus polymerase, using Applied Biosystems 9700 and 2700 thermal cyclers. The annealing temperature was followed as explained by El-Mannai et al. [6] . The protocol consisted of denaturation at 94 °C for 5 min, annealing at around 65 °C for 30 s and followed by extension at 72 °C for 7 min and cooling at 4 °C.
PCR products were analyzed using high efficiency genome scanning (HEGS) [36] . The stacking gel was made from a mixture of 29% acryl amide and 1.0% N, N'-methylene-bis-acrylamide (bis) in 0.5 M Tris-HCl (pH 6.8), and the separation gel was made from an acrylamide mixture of 29% acrylamide and 1.0% N, N'-methylene-bisacrylamide (bis) in 10× TBE. The electrophoresis buffer was prepared from 1× TBE. PCR products were separated at 350 V for 30 min on the stacking gel and at 200 V for 2.5-3 h on the separation gel. The gel was stained in ethidium bromide solution for 5-10 min and photographed using a Kodak digital science EDAS 290 ver. 3.6 with Kodak ID image analysis software ver. 3.5. Different bands generated by the same SSR primer sets were grouped according to their respective size by comparison with 100 bp ladder DNA size markers. A sample of polyacrylamide gel patterns of selected early, segregating and late F 3 plants using SSR marker SB258, SB596 and SB1512 are shown in Fig. 2 .
Days to flowering
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Progeny Test
The basis of progeny test is to confirm the transmission of traits from F 2 to F 3 in association with the genotypes at SSR marker loci. If a QTL co-segregates with a marker, its presence is clarified on the basis of a significant difference in flowering time among the genotypes of SSR marker loci [31] .
Association between the genotypes at SSR marker loci and flowering time were analyzed by ANOVA.
Results and Discussion
Field Evaluation of Flowering Time
The 
Progeny Test by Phenotype-Genotype Association
All the selected markers closer to the QTLs respectively gave amplification products and polymorphism between the parents, and samples of polymorphisms of three SSR markers are shown in Fig. 3 . The genotypes at each SSR marker locus were classified into the three groups as early parental type, heterozygous and late parental types. A deviation from the expected 1:2:1 genotype frequency (P ≤ 0.05) was observed among the markers scored with the abundance of late parental type genotypes, except on the genotypes at marker locus SB1512, where the number of early parental type genotype was higher. Segregation of F 3 plants at each SSR marker loci are shown in Fig. 4 . ANOVA analysis confirmed that QTLs for flowering time was significantly associated (P < 0.05) with seven marker loci of the six QTLs designated as SB258 in qFT1-1, SB1512 in qFT2, SB1839 in qFT3, SB3369 in qFT5b, SB4096 in qFT7, SB4540 and SB4660 in qFT8b, belonging to the chromosomes 1, 2, 3, 5, 7 and 8b (Table 3 , Fig. 4) . In this study, the progeny test was performed among the eight QTLs underlying sorghum flowering time reported by El-Mannai et al. [6] , grown under natural day length condition in the F 3 family lines from heterozygous F 2 plants for the genotypes at each SSR marker loci, following the method explained by Lander and Botstein [31] . The QTLs from El-Mannai et al. [6] was chosen, because this was the most recent study on QTL mapping for flowering time in sorghum; its linkage map spanning length was bit long (2,464 cM), flanking markers were bit distant (average 17 cM), low phenotypic variance was explained by each QTL and off course easy access to receive the plant materials to conduct this study.
A great range of variation in flowering time was observed among the F 3 plants, which is similar to the results of the preceding study by El-Mannai et al. [6] and can be caused by both of the parental cultivars contributing favorable and unfavorable alleles. The marker genotype segregation analysis results showed a significant (P ≤ 0.05) deviation from the expected (1:2:1) genotype frequency among all the SSR marker loci with the abundance of late parental type genotypes. Paterson et al. [37] reported the deviations of restriction fragment length polymorphism (RFLP) markers using F 2 plants for QTL mapping and 
Conclusions
This study confirmed the strong linkage of flowering time QTLs and the SSR markers in the advanced generations, and these valid SSR markers, i.e., SB258 in qFT1-1, SB1512 in qFT2, SB1839 in qFT3, SB3369 in qFT5b, SB4096 in qFT7, SB4540 and SB4660 in qFT8b can be employed in MAS scheme for breeding cultivars with desirable flowering time (early or late) of sorghum.
